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Pincer-Plus-One Ligands in Self-Assembly with Palladium(II):  A 
Molecular Square and a Molecular Tetrahedron  
Ava Behnia, a Paul D. Boyle,a Mahmood A. Fard, a Johanna M. Blacquierea* and Richard J. 
Puddephatta* 
The combination of a palladium(II) precursor with a diimine-phenol ligand and an oxidant (H2O2 or O2) under different 
conditions has, serendipitously, given both a molecular square and a molecular tetrahedron by self-assembly of building 
blocks comprising palladium(II) centres coordinated to oxidised forms of the ligand. 
Introduction 
 The application of chemical principles in combination with 
symmetry considerations has allowed the rational design of 
hundreds of nanoscale compounds of palladium(II) through 
self-assembly by dynamic coordination chemistry or by 
secondary bonding forces, such as hydrogen bonds or 
metallophilic attractions.1,2  Most two-component systems 
have used cis-blocked palladium(II) complexes as acceptors 
and bidentate or polydentate bridging ligands as donors.1,2  
Palladium(II) complexes with tridentate ligands, usually 
terpyridine-based, have been used less often as acceptors in 
combination with bridging ligands as donors, and pincer 
ligands with appended hydrogen bonding groups for self-
assembly have also given interesting oligomers and 
polymers.3,4 An intruiging ligand design for self-assembly 
involves both a mer-tridentate (i.e. pincer) component for 
coordination to one metal and a monodentate (i.e. pincer-
plus-one) donor for coordination to a second metal.  However, 
a recent comprehensive review2 cited only one example of 
such a ligand with a terpyridine portion and an additional 3-
pyridyl substituent that self-assembles with palladium(II) to 
give a cyclic hexamer (Scheme 1), having a 12+ charge, as 
shown by TWIM-MS.5 This article reports two examples of 
unexpected ligand oxidation that converts a tridentate Schiff-
base ligand to two different pincer-plus-one ligand structures. 
These archetectures promote the self-assembly of two 
different palladium(II) tetramers that are arranged in a 
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Scheme 1.  Self-assembly of a pincer-plus-one ligand and Pd(II) to give a hexamer.5 
Results and discussion 
 The new tetramers were obtained serendipitously while 
studying the reaction of the diimine-phenol ligand, 1,6 with the 
organopalladium complex, 2,7 in the presence of oxidants 
hydrogen peroxide or dioxygen (Scheme 2). The original 
intention being that the diimine group would displace the 1,5-
cyclooctadiene (cod) ligand from 2 and that the phenol 
substituent would facilitate subsequent biomimetic oxidation 
chemistry. Rather, two tetramers, 3 and 4, were obtained, 
with both reactions involving ligand oxidation and loss of the 
hydrocarbon moiety present in precursor 2. 
 In the first reaction, an acetone solution of complex 2 was 
treated with hydrogen peroxide, followed by addition of ligand 
1, to give tetramer 3, as a red solid. Characterization of 3 (vide 
infra) indicates that the building block unit in 3 is a neutral 
palladium(II) fragment with a tetradentate dianionic N2O2-
donor ligand, formed by oxidative coupling of an acetone 
molecule with the imine group of the parent ligand 1. The 
pincer component of 3 contains both a 6-membered acnac ring 
and a 5-membered amidophenoxide ring, with the pyridyl 
group bridging to the neighboring palladium atom.  
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Scheme 2. Synthesis of complexes 3-5. 
Small-scale 1H NMR experiments were conducted in an 
attempt to optimize the reaction conditions and to reveal 
characteristics of the reaction pathway. Following the same 
conditions to those above, 3 is formed in 57% yield and this is 
accompanied by benzofuran (BF) in a 30% yield. We have 
shown previously that oxidation of Pd(II) complexes related to 
2 with excess H2O2 likewise affords BF.7b The reaction involves 
oxidation-promoted oxygen-atom insertion into a Pd-aryl 
bond, followed by palladium oxidation and reductive 
elimination to release BF. While a similar process appears to 
be operative in the formation of 3, the mechanistic details are 
not yet determined. Critical to the reproducible formation of 3 
is the described order of addition of reaction components. If 
metallation (1 + 2) precedes oxidation (addition of H2O2), 
numerous products are formed with no evidence for 3. 
Alternatively, if H2O2 was added to ligand 1, followed by 
addition of 2, the tetramer 3 was not formed.  As expected, a 
switch in solvent to CHCl3 does not afford 3, nor does a switch 
in oxidant to O2. 
 
The second tetramer 4 is obtained by reaction of a chloroform 
solution of 1 and 2 in the presence of dioxygen. Ligand 1 is 
again oxidized, but in this case an amido moiety is generated, 
with the incorporated oxygen atom likely orginating from the 
O2 oxidant. This is supported by the fact that tetramer 4 is not 
formed on conducting the reaction under N2. Characterization 
(vide infra) reveals that the pincer component of the ligand is 
comprised of the pyridyl, amido and phenoxide donors. The 
phenoxide bridges to a second metal to act also as the plus-
one portion of the ligand. This reaction is complex and gave a 
mixture of several palladium complexes and organic 
compounds, including BF. The green complex 4 was the 
principal product that was insoluble in acetone. The purple 
monometallic complex 5 was isolated from the acetone-
soluble fraction, crystallized and analyzed by X-ray diffraction 
(Figure 1). The complex has been prepared previously, and the 
structure reported as a chloroform solvate.9 The bond 
parameters for the unsolvated form (Figure 1) are 
unexceptional, but they serve to illustrate the structure of the 
deprotonated ligand 1 in its expected simple pincer binding 
mode.9 Presumably the chloro ligand derives from the CHCl3 
solvent used for the reaction.  
   
 
Figure 1.  The structure of complex 5 (previously reported9 as a CHCl3 solvate).   
Selected bond parameters: Pd(1)N(1) 1.951(2), Pd(1)N(2) 2.017(3), Pd(1)O(1) 2.011(2), 
Pd(1)Cl(1) 2.303(1) Å; N(1)Pd(1)Cl(1) 175.80(7), N(2)Pd(1)O(1) 165.60(9) o. 
Both reactions to give 3 and 4 (Scheme 2) clearly involve 
multiple steps and intermediates, and the mechanisms are not 
yet understood. We note that the addition of deprotonated 
acetone to imine complexes6 and the oxidation of imines to 
amides mediated by Pd(II)8 are well established reactions. 
These transformations are needed for the formation of 3 and 
4, respectively.  
 
Tetramers 3 and 4 were isolated and characterized by NMR 
and IR spectroscopy, MALDI mass spectrometry and elemental 
analysis. 1H NMR spectra of 3 and 4 both reveal one set of 
ligand resonances that indicates the tetramers have four-fold 
symmetry in the solution state. The hydrocarbon ligand of the 
precursor 2 is not part of the structures and this is supported 
by the absence of signals in the aliphatic region that would be 
diagnostic for the methyl and methylene groups. For complex 
3, ligand oxidation and acetone coupling is evident from the 
absence of the imine singlet of 1 and the appearance of 
singlets for the acnac CH and methyl moieties at 5.92 and 1.64 
ppm, respectively. The downfield location of the former is 
typical for this site in other M(acnac) complexes.10 The imine 
resonance is likewise absent in the 1H spectrum for 4 
consistent with oxidation to an amide moiety. The tetrameric 
nature of both 3 and 4 was confirmed by charge-transfer 
MALDI MS analysis in which the molecular cation is observed 
at m/z 1433.8 and 1273.9, respectively (Figure 2). Small 
deviations between the observed and simulated isotope 
patterns may be due to the contribution of an ionization 
pathway involving protonation to give an overlapping signal 
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for [M+H]+. The molecular square (3) fragments in the gas 
phase to give signals for both the loss of one ligand and one 
Pd-L unit at m/z = 1181.8 and 1075.9, respectively. In contrast, 
the molecular tetrahedron 4 fragments to give a dimer.  The 
different fragmentation pathways may reflect the potential for 
metallophillic interactions in 4, but not 3.   
 
Figure 2. Simulated (top) and observed (bottom) MALDI MS isotope patterns for a) 
[3]•+, and b) [4]•+. Matrix = pyrene. 
Both complexes 3 and 4 are neutral and amenable to 
crystallization, in contrast to the highly charged complex A, 
their only analog. Figure 3 shows a single building block, with 
pincer-plus-one ligation, and the shape of the molecular 
tetramer for each 3 and 4. In both cases, loss of the 
hydrocarbon ligand and oxdiation of the imine fragment is 
evident from the structures. In each case, the palladium(II) 
centre has distorted square planar stereochemistry with 
trans,trans-PdN2O2 and cis,cis-PdN2O2 coordination in 3 and 4, 
respectively. Compound 3 shows the most significant 
distortion of the pincer moiety with an angle of 6.7˚ found 
between a plane defined by the carbon atoms of the acnac 
ring and the Pd square plane.   
The four palladium atoms in 3 have the shape of a distorted 
square, with edge distances 5.61 and 5.78 Å, longer diagonal 
distances of 7.62 and 7.72 Å, and internal angles of 84 and 85o.  
In contrast, the palladium atoms in 4 define a distorted 
tetrahedron, with all six Pd…Pd distances in the range 3.24 – 
3.58 Å and with internal angles in the range 56 – 64o.  The 
shorter Pd…Pd distances in 4 are consistent with the presence 
of weak metallophilic bonding, but there are clearly no metal-
metal interactions in 3. 
 The full structures of 3 and 4 are shown in Figures 4 and 5, 
respectively. The Pd…Pd separations are controlled mostly by 
the nature of the bridging between Pd(pincer ligand) units and 
are naturally longer in 3 than in 4. This extra bridging can occur 
on either side of the roughly planar Pd(pincer ligand) unit and 
so each building block can have either P or M conformational 
chirality.11 The self-assembly to give tetramers, in which the 
stereochemistry is locked in, can then occur by: 1) self-
recognition to give racemic PPPP/MMMM isomers, 2) self-
discrimination to give the achiral PMPM isomer, or 3) a more 
random way to include the racemic PPPM/PMMM isomers.  In 
both 3 and 4 the self-assembly occurs by self-discrimination. In 
the solid state, 3 and 4 have crystallographically imposed C2 
and C1 symmetry respectively, but both have approximate S4 
symmetry and this is consistent with the highly symmetric 1H 
 
Figure 3.  The building block and polyhedral structure in (a) 3 and (b) 4. 
NMR spectra discussed above. Most known molecular 
tetrahedra contain octahedrally coordinated metal ions and 
usually self-assemble by self-recognition.1,12  There are only a 
few examples of molecular tetrahedra with square planar 
metal centres and they all have much longer Pd…Pd 
separations than in 4.1,2,13  The shortest Pd…Pd separations in 
4 may result from a combination of -stacking and 
metallophilic bonding effects (Figure 5). 
Conclusions 
The structures of two interesting tetramers are described.  
Several degrees of serendipity are involved in their synthesis.  
The ligand 1 is oxidised in both cases, but in very different 
ways to form dianionic pincer ligands in the complexes 3 and 
4. The neutral palladium(II)-pincer ligand fragments have an 
additional donor group and a vacant site at palladium(II) and 
they self-assemble to give tetramers in both cases. Both the 
molecular square in 3 and tetrahedron in 4 are new structural 
types, each having the unusual S4 symmetry.1-3,11,12 None of 
this unprecedented chemistry was predicted in advance, but it 
is important to recognise that the pincer-plus-one ligand 
design has great potential for the designed synthesis of 
oligomeric and polymeric complexes with unusual structures, 
properties and potential uses. The syntheses of 3 and 4 
presented here are reproducible under the defined 
experimental conditions, but given the long reaction times 
(and low yields in the case of 4) we suggest the formation of 3 
and 4 serve to inspire intentional synthesis of the oxidized 
ligands14 for the purposes of self-assembly of nanoscale 
structures. 
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Figure 4. The structure of complex 3.  Selected bond parameters: Pd(1)N(2) 1.957(3), 
Pd(1)O(1) 1.971(3), Pd(1)O(2) 1.977(3), Pd(1)N(3) 2.061(3) Å; O(1)Pd(1)O(2) 179.78(13), 
N(2)Pd(1)N(3) 173.59(14)o. 
 
Figure 5.  The structure of complex 4.  Selected bond parameters: Pd(1)N(1) 1.977(1), 
Pd(1)N(2) 1.931(1), Pd(1)O(2) 2.033(1), Pd(1)O(6) 2.042(1), Pd(1)Pd(2) 3.238(1) Å; 
N(1)Pd(1)O(2) 166.43(5), N(2)Pd(1)O(6) 178.10(5)o. 
Experimental 
NMR spectra were recorded at 298 K using a Varian Inova 600 
MHz spectrometer. 1H and 13C chemical shifts are reported 
relative to tetramethylsilane. Complete assignments of each 
compound were aided by the use of 1H−1H gCOSY, 1H−13C 
HSQC, and 1H−13C HMBC experiments and are reported using 
the labeling scheme in Chart 1. 
Commercial reagents and aqueous 30% H2O2 were used 
without further purification. The complex 
[Pd(CH2CMe2C6H4)(COD)]1 and the diimine ligand, 2-(pyridin-2-
ylmethyleneimino)phenol2 were synthesized according to the 
literature procedures. Elemental analyses were performed by 
Laboratoire d’Analyze Élémentaire del’Université de Montréal. 
Organic products were analyzed using a Shimadzu GCMS-
QP2010 Ultra GC with a DB-5 column. MALDI-TOF mass 
spectra were collected using an AB Sciex 5800 TOF/TOF mass 
spectrometer using pyrene as the matrix in a 20:1 
matrix:substrate molar ratio. 
 
Chart 1. NMR labeling scheme for complexes made in this study. 
 
Complex 3 
To a stirred solution of [Pd(CH2CMe2C6H4)(COD)] (0.090 g, 0.26 
mmol) in acetone (5 mL) was added a 30% H2O2 solution (79.5 
µL, 3 equiv) via a micropipette syringe at room temperature. 
An immediate color change from yellow to sharp orange was 
observed. The mixture was allowed to stir for 2 h. Then, the 
reaction flask was transferred to a -65°C cold bath. Once the 
mixture cooled, a solution of 2-C5H4NCH=N-2-C6H4OH (0.05 g, 
0.26 mmol) in acetone (5 mL) was added to the flask via 
syringe. The solution was stirred at low temperature and 
allowed to slowly reach room temperature over 6 h. A color 
change from orange to dark red was observed over time. Next, 
the reaction flask was left for a night and bright red crystals 
were grown by slow evaporation of the solvent. Crystals were 
washed with hexane (3 × 2 mL) and dried under high vacuum, 
to give 3 as an air-stable product (0.03 g, 0.02 mmol, 35%).   
NMR in CDCl3: δ(1H) = 9.26 (d, 1H, J = 6 Hz, H1), 7.82 (t, 1H, J = 
8 Hz, H3), 7.52 (dd, 1H, J = 8 Hz, 6Hz, H2), 7.32 (d, 1H, J = 8 Hz, 
H4), 6.87 (d, 1H, J = 8 Hz, H11), 6.78 (t, 1H, J = 8 Hz, H12), 6.09 
(t, 2H, J = 8 Hz, H13), 5.95  (d, 1H, J = 8 Hz, H14), 5.92 (s,1H, 
H7), 1.64 (s, 3H, H9); δ(13C) = 176.99 (C8), 165.91 (C10), 159.09 
(C6), 153.19 (C1 or C5), 153.11 (C1 or C5), 141.35 (C15), 139.25 
(C3), 127.13 (C4), 125.97 (C12), 124.90 (C2), 121.92 (C11), 
117.71 (C14), 112.70 (C13), 102.88 (C7), 23.85 (C9).  MALDI MS 
(Pyrene matrix): Calc. m/z 1434.7 [3]●+, Obs. m/z 1434.7. Anal. 
Calc for C60H48N8O8Pd4.(CH3)2CO: C, 50.53; H, 3.54. Found: C, 
50.67; H, 3.94. Single crystals suitable for X-ray crystallographic 
analysis were grown by the slow evaporation of an acetone 
solution of the complex at room temperature.  In a separate 
experiment, the similar reaction was carried out in acetone-d6 
containing dimethyl terephthalate as internal NMR standard.  
The yield of 3 in solution was determined to be 57%, and the 
yield of the organic benzofuran product BF, identified by its 1H 
NMR spectrum,1 was 30%.   
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A dilute solution of 2-C5H4NCH=N-2-C6H4OH (0.17 g, 0.86 
mmol) in chloroform (500 mL) was added to a stirred dilute 
chloroform solution (500 mL) of [Pd(CH2CMe2C6H4)(COD)] 
(0.30 g, 0.86 mmol) cooled to –65 °C. The mixture was allowed 
to stir and slowly reach room temperature and stirring was 
continued for 4 weeks, during which time O2 gas was bubbled 
through the solution for 15 minutes every three days and the 
color of the solution changed from yellow to dark grey. Upon 
removal of the solvent under reduced pressure, a grey solid 
was formed. This solid was extracted with acetone (3x30mL). 
The insoluble fraction was identified as complex 4, which was 
isolated as a green powder (0.06 g, 0.05 mmol, 22%).  NMR in 
CDCl3: δ(1H) = 7.80-7.74 (m, 3H, H3, H4, H8), 7.54 (d, 1H, J = 8 
Hz, H11), 7.31  (d, 1H, J = 6 Hz, H1), 6.79 - 6.75 (m, 2H, H2, H9), 
6.40 (m, 1H, H10);  δ(13C) = 164.50 (C6), 162.88 (C12), 157.36 
(C5), 145.71 (C1), 139.30 (C7), 139.17 (C3), 126.17 (C2), 125.89 
(C8), 123.39 (C9), 120.76 (C11), 120.20 (C10), 119.16 (C4). 
MALDI MS (Anthracene matrix): Calc. m/z 1274.4 [4]●+, Obs. 
m/z 1274.4.  Anal. Calc. for C48H32N8O8Pd4.3CHCl3: C, 37.52; H, 
2.16; N, 6.86. Found: C, 37.86; H, 2.98; N, 6.39%.  Single 
crystals suitable for X-ray crystallographic analysis were grown 
by slow diffusion of cyclohexane into a solution of 4 in CHCl3.   
The acetone extracts were evaporated under vacuum to give 
complex 5 as a purple powder (0.04 g, 0.13 mmol, 15%). NMR 
in (CD3)2CO: δ(1H) = 8.51 (d, 1H, J = 5 Hz, H1), 8.31 (s, 1H, H5), 
8.17 (t, 1H, J = 8 Hz, H3), 7.84 (d, 1H, J = 8 Hz, H4), 7.62 (dd, 1H,  
J = 8 Hz, 6 Hz, H2), 7.33 (d, 1H, J = 8 Hz, H6), 7.03 (t, 1H, J = 8 
Hz, H8), 6.48 (d, 1H, J = 8 Hz, H9), 6.41 (t, 1H, J = 8 Hz, H7) in 
agreement with literature values.9 Single crystals suitable for 
X-ray crystallographic analysis were grown by dissolving the 
product in chloroform, followed by slow evaporation of the 
solvent. 
X-ray structure determinations15 
In a typical experiment, the selected crystal was mounted on a 
Mitegen polyimide micromount with a small amount of 
Paratone N oil. All X-ray measurements were made using a 
Bruker Kappa Axis Apex2 diffractometer at a temperature of 
110 K.  The frame integration was performed using SAINT,  and 
the resulting raw data were scaled and absorption corrected 
using a multi-scan averaging of symmetry equivalent data 
using SADABS.  The structure was solved by using a dual space 
methodology using the SHELXT program. All non-hydrogen 
atoms were obtained from the initial solution. The hydrogen 
atoms were introduced at idealized positions and were 
allowed to ride on the parent atom.  The structural model was 
fit to the data using full matrix least-squares based on F2. The 
calculated structure factors included corrections for 
anomalous dispersion from the usual tabulation. The structure 
was refined using the SHELXL-2014 program from the SHELX 
suite of crystallographic software.  Details are given in Table 1 
and in the cif files.  In complex 4, the lattice contained two 
CHCl3 molecules of solvation.  One of the CHCl3 molecules was 
highly disordered and could not be fit to a chemically sensible 
model.  The electron density associated with this moiety was 
masked out of the refinement using the SQUEEZE algorithm as 
implemented in PLATON.  The other CHCl3 had a Cl atom 
disordered over two sites.  The occupancy of the predominant 
orientation refined to a normalized value of 0.532(9). 
 
Table 1. Crystal and Refinement Data. 
Complex 3 4 5 
formula C63H54N8O9Pd4 C49H33Cl3N8O8Pd4 C13H10Cl4N2OPd 
f.w. (g/mol) 1492.74 1393.78 458.43 
cryst. syst. monoclinic triclinic monoclinic 
space gp. P 2/n P -1 P 21/n 
T / K 110 110 110 
a, Å 13.327(4) 12.412(4) 12.823(3) 
b, Å 8.686(3) 13.358(3) 7.1043(14) 
c, Å 25.305(7) 17.436(4) 16.997(6) 
α,° 90 111.520(7) 90 
β,° 102.658(11) 106.400(11) 90.137(16) 
γ,° 90 91.530(15) 90 
V, Å3 2857.9(16) 2552.3(11) 1548.4(7) 
Z 2 2 4 
d(calc.) 
(Mg/m3) 
1.735 1.814 1.966 
λ (MoKα), Å 0.71073 0.71073 0.71073 
μ, (cm-1) 1.305 1.604 1.886 
Max 2θ, ° 66.392 86.626 48.982 
reflns. 88521 179839 32693 
reflns [I > 2(I)] 10882 37874 2574 
param. 406 723 217 
R1 [I > 2(I)] 0.0509 0.0393 0.0228 
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